Introduction
Glycogen storage disease type Ib (GSD-Ib) is an autosomal-recessive disorder caused by a deficiency in the glucose-6-phosphate transporter (G6PT). 1, 2 The primary function of G6PT, a ubiquitously expressed protein, 3 is to translocate glucose-6-phosphate (G6P) from the cytoplasm of a cell to the lumen of the endoplasmic reticulum (ER) where it is hydrolyzed to glucose by glucose-6-phosphatase-a in the terminal steps of gluconeogenesis and glycogenolysis. 1, 2 GSD-Ib patients manifest disturbed glucose homeostasis characterized by fasting hypoglycemia, hepatomegaly, nephromegaly, hyperlipidemia, hyperuricemia, lactic acidemia and growth retardation. 1, 2 In addition, GSD-Ib patients manifest neutropenia along with myeloid dysfunctions in Ca 2+ mobilization, respiratory burst and chemotaxis. [4] [5] [6] As the primary gluconeogenic tissues are the liver and kidney, these additional symptoms suggest that myeloid tissues might be the most important non-gluconeogenic sites for G6PT expression.
The current treatment for GSD-Ib consists of a dietary therapy, including continuous nasogastric infusion of glucose 7 or frequent oral administration of uncooked cornstarch, 8 to correct the loss of glucose homeostasis, augmented with granulocyte colonystimulating factor (G-CSF) therapy, 9, 10 to restore myeloid functions. The combined dietary and G-CSF therapies significantly alleviate the metabolic and myeloid abnormalities of GSD-Ib patients and greatly improve their prognosis. However, the underlying pathological process remains untreated and as a result, long-term complications, such as kidney disease in the form of renal calculi and progressive renal disease, inflammatory bowl disease, hepatic adenomas and following G-CSF therapy, splenomegaly, develop in a significant percent of adult patients. Moreover, the efficacy of dietary treatment is frequently limited due to poor compliance.
G6PT is a hydrophobic protein anchored to the ER by 10-transmembrane helices. 11 Although protein replacement therapy is not an option, somatic gene therapy, targeting the G6PT gene to the gluconeogenic and myeloid tissues, is an attractive possibility. To develop novel therapies for GSD-Ib, we have previously generated G6PT-deficient (G6PT À/À ) mice that manifest all known metabolic and myeloid dysfunctions characteristics of the human disorder. 12 In addition to impaired glucose homeostasis, the G6PT À/À mice manifest neutropenia along with the increase in serum levels of G-CSF. The G6PT À/À mice exhibit impaired neutrophil respiratory burst activity as well as impaired chemotaxis and calcium flux. The bone and spleen of G6PT À/À mice are developmentally delayed and exhibit reduced cellularity, although the myeloid progenitor cell frequencies in bone marrow and spleen are increased. 12 In this study, we used the G6PT À/À mouse model to evaluate the feasibility of gene replacement therapy for GSD-Ib. We show that infusion of G6PT À/À mice with adenoviral (Ad) vector containing human G6PT (Ad-hG6PT) effectively delivers the G6PT transgene to the liver, bone marrows and spleen and markedly improves their survival. Ad-hG6PT-mediated gene transfer also corrects metabolic and myeloid abnormalities in GSD-Ib.
Results
Neonatal Ad-G6PT infusion directs G6PT expression in gluconeogenic and myeloid tissues G6PT is a ubiquitously expressed gene, but the expression levels of G6PT mRNA in gluconeogenic and myeloid tissues have not been measured quantitatively. Real-time polymerase chain reaction (PCR) was used to measure the level of expression of the mouse G6PT gene in RNA isolated from the liver, kidney, bone marrow and spleen of wild-type mice and expressed relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA; the expression levels were then normalized by the level of G6PT transcript in the liver, which was arbitrarily defined as 100%. At 2-3 weeks of age, the levels of G6PT transcript in the kidney, bone marrow and spleen were 51.8, 7.8 and 10.2%, of that in the mouse liver, respectively ( Figure 1a) .
Neonatal G6PT À/À mice were infused intravenously with 5 Â 10 7 plaque-forming units (PFU) of Ad-hG6PT and simultaneously, the glucose therapy was terminated.
At 2-week post-infusion, hG6PT transcripts in the liver, kidney, bone marrow and spleen in the infused animals were quantified using a human G6PT-specific probe that detects the transduced hG6PT but not the endogenous mouse G6PT transcripts (data not shown). The levels of hG6PT mRNA expression in the kidney, bone marrow and spleen were also normalized as described. Real-time PCR analysis shows that Ad-hG6PT efficiently delivered the transgene to the liver (100%), bone marrow (6.9%) and spleen (23.3%), but only a very low level of the transgene to the kidney (3.1%) (Figure 1b) .
G6PT is an ER-associated transmembrane protein and appropriate membrane insertion is required for activity. G6PT
À/À mice were analyzed for the expression of recombinant G6PT by microsomal G6P uptake assays. In wild-type mice, postnatal microsomal G6P transport activity increased gradually to peak about age 4 weeks (Figure 1c) , as was shown previously. 13 At 1 and 2 weeks post-Ad-hG6PT infusion, microsomal G6P transport activity in the liver reached 0.12270.017 and 0.13070.006 nmol/mg/3 min, respectively, representing 38 and 29% of the activities in hepatic microsomes of 1-and 2-week-old G6PT +/+ mice, respectively ( Figure  1c ). Hepatic G6PT activity in the infused animals declined gradually and was only 1.3% of control levels at 4-week post-infusion. As expected, low or nondetectable levels of G6P uptake activity were observed in the kidney of the infused G6PT À/À mice at either 1-or 2-week post-infusion (data not shown).
Neonatal Ad-hG6PT infusion corrects metabolic abnormalities of GSD-Ib
G6PT
À/À mice suffer from frequent hypoglycemic seizures, and in the absence of any form of therapy, most G6PT
À/À mice die within the first 2 weeks of life. 12 Glucose homeostasis is maintained primarily by the hepatic G6Pase-a complex, 1,2 thus delivery of a Nephromegaly is yet another clinical manifestation of human 1,2 and mouse 12 GSD-Ib. As Ad-hG6PT infusion failed to deliver significant levels of the G6PT transgene to the kidney, nephromegaly (Figure 2c ) as well as renal glycogen storage ( Figure 3) were not improved by Ad-hG6PT infusion.
Neonatal Ad-hG6PT infusion corrects myeloid dysfunctions of GSD-Ib
Neutropenia is a clinical characteristic of GSD-Ib patients 1,2 and mice. 12 Differential peripheral blood Gene therapy for GSD-Ib WH Yiu et al leukocyte counts revealed that neutrophil counts in 2-week-old G6PT À/À mice only average 19% of the counts in the G6PT +/+ littermates ( Figure 4a ). Ad-hG6PT infusion improved neutropenia manifested by G6PT À/À mice and neutrophil counts increased to 52% of the counts in the control animals ( Figure 4a ).
In G6PT À/À mice, plasma G-CSF levels were abnormally increased, suggesting an underlying problem with neutrophil production.
12 Serum G-CSF values in 2-weekold G6PT À/À mice were 65-fold higher than those in the G6PT +/+ littermates ( Figure 4b ). Ad-hG6PT infusion normalized plasma cytokine levels and the levels of G-CSF in 2-week-old infused G6PT À/À mice were only fivefold higher than those in the control animals ( Figure 4b ).
After birth, bone marrow is the primary origin and site of maturation and development of hematopoietic cells. 14 In neonatal mice, the spleen is also a hematopoietic organ. 15 In G6PT À/À mice, both bone and spleen were developmentally delayed. 12 Examination of femoral and tibia bones in 2-week-old G6PT À/À mice revealed that the epiphyses and growth plate were not well formed in contrast to those in the age-matched G6PT +/+ littermates ( Figure 5 ). Although the white pulps in the spleen of 2-week-old G6PT +/+ mice were clearly defined, the white pulps in the age-matched G6PT À/À spleen were not identifiable ( Figure 5 ). Ad-hG6PT infusion improved the development of bone and spleen, resulting in readily identifiable epiphyses and growth plates in the bone, and white pulps in the spleen, of 2-week-old infused G6PT
À/À mice ( Figure 5 ). During the first 3 weeks of postnatal development, the medullary cavities of the femoral and tibia bones are disproportionately narrower and hypocellular in the G6PT À/À mice compared to controls. 12 Likewise, the spleens of G6PT À/À mice were disproportionably smaller than the age-matched control littermates. 12 The total numbers of cells in bone marrow aspirates combined from the femur and tibia in 2-week-old G6PT À/À mice were 17% of those in their age-matched G6PT +/+ mice ( Figure 6a ). Ad-hG6PT infusion increased bone marrow cellularity and the total cell numbers in the infused G6PT À/À mice at 2 weeks of age increased to 57% of the control G6PT The G6PT À/À bone marrow and spleen have a marked increase in colony-forming progenitor cells, which may compensate for the hypocellularity in these tissues. 12 The bone marrow aspirates, combined from the femur, tibia and spleen, in 2-week-old G6PT À/À mice contained a higher proportion of colony-forming units (CFU) than the G6PT +/+ mice ( Figure 6 ). In vitro clonal stimulation of G6PT À/À bone marrow aspirates with G-CSF, granulocyte-macrophage-CSF (GM-CSF) or macrophage-CSF (M-CSF) revealed 5.8-fold more CFU-G, 5.2-fold more CFU-GM and 3.8-fold more CFU-M than produced by the G6PT +/+ littermates (Figure 6a ). This increase in CFU was normalized by Ad-hG6PT infusion (Figure 6a ). The numbers of splenic CFU-G, CFU-GM and CFU-M in 2-week-old G6PT À/À mice were 6.3-, 4.8-and 5.9-fold higher, respectively, than age-matched control mice (Figure 6b) , consistent with the bone marrow aspirates.
Again, Ad-hG6PT infusion normalized the increase in spleen CFUs (Figure 6b ).
Ad-hG6PT infusion of 2-week-old G6PT
À/À mice corrects metabolic and myeloid dysfunctions in GSD-Ib Because fetal liver is a hematopoietic organ in the first 10 postnatal days of life, 15 we conducted additional studies using older G6PT À/À mice to ensure that Ad-hG6PT-mediated gene transfer delivered the transgene to gluconeogenic as well as myeloid tissues. Two-weekold G6PT
À/À mice were infused intravenously with 3 Â 10 8 PFU of Ad-hG6PT, and hG6PT transcripts in the liver, kidney, bone marrow and spleen were quantified 1-week post-infusion; the expression levels were normalized to the level of G6PT transcript in the transduced liver. Again, Ad-hG6PT efficiently delivered the transgene to the liver (100%), bone marrow (4.2%) and spleen (20.4%) (Figure 1b) . However, the transgene was not delivered efficiently to the kidney (1.6%) of G6PT À/À mice ( Figure 1a) . Hepatic microsomal G6P transport activity in the infused G6PT À/À mice at 3 weeks of age (1-week post-infusion) was 54% of the activity in hepatic microsomes of age-matched G6PT +/+ littermates ( Figure  7a ). As expected, the infused G6PT À/À mice exhibit improved growth, normalized plasma glucose, cholesterol, triglyceride, uric acid and lactic acid levels, and reduced hepatic glycogen storage and hepatomegaly (data not shown).
Delivery of the G6PT gene into the bone marrow and spleen of 2-week-old G6PT À/À mice also improved myeloid functions. Neutrophil counts are severely depressed in 3-week-old G6PT À/À mice with counts of 195718/ml, compared to 13627128/ml in wild-type littermates. The infused G6PT À/À mice at 3 weeks of age exhibited improved neutropenia with neutrophil counts increased to 9677147/ml (Figure 7b ). Infusion of 2-week-old G6PT À/À mice with Ad-hG6PT also corrected the abnormal elevation in serum G-CSF levels ( Figure  7c ), increased cellularity in the bone marrow (Figure 7d ) and normalized myeloid progenitor cells frequencies in the bone marrow (Figure 7d ) and the spleen (Figure 7e) . However, at 1-week post-Ad-G6PT infusion, the spleen cell counts were not significantly increased in the infused G6PT À/À mice (Figure 7e ). The lack of correction in spleen growth may result from the short duration (1 week) of the Ad-hG6PT-meidated gene therapy.
Discussion
G6PT is a ubiquitously expressed, 3 highly hydrophobic, transmembrane ER protein 11 that cannot be expressed in a soluble form. To be effective, G6PT must embed within the ER membrane in the correct conformation to not only transport G6P but also couple functionally to the hydrolytic enzyme glucose-6-phosphatase-a. 16, 17 Failure to achieve both of these goals results in an ineffective G6Pase system. In the gluconeogenic tissue -the liver, the kidney and the intestine -this failure results in fasting hypoglycemia, hepatomegaly, nephromegaly, hyperlipidemia, hyperuricemia, lactic academia and growth retardation. 1, 2 An additional complication of GSD-Ib is myeloid dysfunction. Our hypothesis proposes that to correct this symptom, G6PT activity must also be restored in the myeloid cell lineages. Therefore, to correct Gene therapy for GSD-Ib WH Yiu et al all of the abnormalities associated with GSD-Ib, a functional G6PT must be expressed in multiple tissues. In this study, we have evaluated gene replacement therapy for this inheritable disorder using a recombinant adenovirus carrying G6PT. We show that Ad-hG6PT can effectively deliver the G6PT transgene to the liver, bone marrow and spleen in a way that corrects both the metabolic and myeloid abnormalities in murine GSD-Ib. The GSD-Ib mice receiving the recombinant virus exhibit improved growth; normalized serum profiles of glucose, cholesterol, triglyceride, uric acid and lactate; reduced hepatic glycogen storage; and improved hepatomegaly. These changes are all consistent with the reconstitution of a functional G6Pase system in the gluconeogenic tissues. In addition, the Ad-mediated gene transfer also improves neutropenia, normalizes serum G-CSF levels, improves bone and spleen development, leads to increased cellularity of the bone and spleen and normalizes myeloid progenitor cell frequencies in both tissues. These findings are consistent with the reconstitution of G6PT activity in the myeloid cells.
In contrast to the G6PT reconstitution within the liver, bone marrow and spleen, effective adenovirus-mediated G6PT transduction of the kidney does not occur, and typical GSD-Ib characteristics of kidney enlargement associated with abnormal glycogen deposition continues to develop. Therefore, correction of the full phenotype of GSD-Ib will require co-transfection of an Ad vector carrying G6PT with a second G6PT carrying vector capable of transducing the kidney, or the use of a single vector with a liver, kidney, bone marrow and spleen transduction potential.
To date, seven human GSD-Ib patients have received orthotopic liver transplantation and all showed improved metabolic profiles following transplantation. [18] [19] [20] [21] [22] This is consistent with our findings, which also suggest that the kidney has a secondary role in glucose homeostasis relative to the liver because the liver G6PT transduction alone corrected the metabolic abnormalities in GSD-Ib mice. Our findings also suggest that reconstitution of a functional liver G6PT is not sufficient to prevent metabolic consequences in the kidney. There is little human patient data on this issue. Renal function was examined in only one of the liver transplantation patients above, however, in that single case the kidney remained normal 6.2 years after transplantation. 19 The role of liver transplantation in preventing renal complications in humans remains unclear. Our findings do, however, clearly dissociate the expression of G6PT in the kidney from the myeloid dysfunctions.
Of the currently available viral vectors, adenovirus 23 and adeno-associated virus (AAV) 24 are two of the most efficient at transducing non-dividing cells and both have the potential to transduce a variety of different tissues including the liver, skeletal muscle and lung. In vitro studies had suggested that the Ad vectors might be effective with bone marrow cells 25 and embryonic stem cells, 26 and the AAV serotype 1 27 might be effective with primitive murine hematopoietic stem cells. Until this study, there has been no information on the ability of recombinant adenovirus or AAV to deliver a transgene to myeloid tissues in vivo. Our finding that intravenous infusion of a recombinant adenovirus can deliver a functional transgene to both the bone marrow and spleen may prove of value in other fields. The Ad vector used in this study is limited by the short-term expression of the transgene 28, 29 and effective gene therapy requires sustained expression of the transgene. Helper-dependent Ad vectors deleting most or all of the viral protein encoding sequence which are significantly less toxic are now available 30, 31 and may be more attractive in the future. Also, AAV vectors are not considered pathogenic and have not been implicated in known human diseases. 32, 33 Therefore, further investigation is required Gene therapy for GSD-Ib WH Yiu et al to identify a more comprehensive gene therapy vector that will achieve long-term correction of metabolic and myeloid dysfunctions in GSD-Ib or that a transgene can be repeatedly administrated in the absence of adverse immune responses. In summary, using a murine model of GSD-Ib, we have demonstrated that an adenovirus-mediated gene therapy can deliver the G6PT transgene to multiple tissues including the liver, bone marrow and spleen, correcting both the metabolic and myeloid dysfunctions in GSD-Ib. Our study suggests that human GSD-Ib may be amenable to G6PT gene therapy when the G6PT transgene expression can be sustained and that the Adbased gene therapy approach may be relevant to in vivo studies of bone marrow and spleen function.
Materials and methods

Infusion of G6PT
À/À mice with Ad-hG6PT
A human G6PT-bearing E1-and E3-deleted adenovirus (Ad-hG6PT) was generated by the Cre-lox recombination system as described previously. 34 Ad-hG6PT was grown and purified by CsCl density ultracentrifugation and quantified by plaque assays. All animal studies were conducted under an animal protocol approved by the NICHD Animal Care and Use Committee. A glucose therapy that is comprised of intra-peritoneal or subcutaneous injection of 25-100 ml of 15% glucose every 12 h starting at the first postnatal day was administered to the G6PT À/À mice as described previously. 12 Mice that survived weaning were given unrestricted access to Mouse Chow (Zeigler Bros. Inc., Gardners, PA, USA). GSD-Ib is an autosomal-recessive disorder. 1, 2 As the phenotypes of G6PT +/+ and G6PT +/À mice are identical, and both exhibit normal development, metabolic functions and myeloid functions, 12 we will use the designation G6PT +/+ mice to refer to the wild-type phenotype represented by G6PT +/+ or G6PT +/À mice. Fetal liver is a hematopoietic organ in the first 10 postnatal days; 15 therefore, we conducted two parallel studies to ensure that Ad-hG6PT-mediated gene transfer delivered the transgene to gluconeogenic as well as myeloid tissues. One group of mice was infused neonatally, the second group was infused when the animals reached age 2 weeks.
Neonatal (1-or 2-day-old) G6PT À/À mice were infused via the temporal vein with 30 ml of Ad-hG6PT containing 5 Â 10 7 PFU and 2-week-old G6PT À/À mice were infused via the retro-orbital vein with 100 ml of Ad-hG6PT containing 3 Â 10 8 PFU. Glucose therapy was terminated immediately in Ad-hG6PT-infused G6PT À/À mice and the weaning mice were given mouse chow ad libitum.
Real-time reverse transcriptase-PCR analysis
Total RNAs were isolated from wild-type and AdhG6PT-infused mouse tissues using TRIzol Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The G6PT transcripts were quantified by real-time reverse transcriptase-PCR, in triplicate, in an Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using the gene-specific TaqMan Gene Expression Assays and then normalized to GAPDH RNA. The human G6PT probe (Applied Biosystems Assay ID Hs 00184616_m1) will generate an amplicon of 88 bases containing nucleotides 774-861 (NM_001467) of the human G6PT transcript and the mouse G6PT probe (Applied Biosystems Assay ID Mm 00484574_m1) will generate an amplicon of 56 bases containing nucleotides 418-473 (NM_008063) of the mouse G6PT transcript. Data were analyzed using the SDS v1.3 software (Applied Biosystems) and expression levels normalized by the level of G6PT transcript in the liver.
G6P uptake assays
Microsomal preparations and G6P uptake measurement were performed as described previously. 17 Briefly, microsomes were incubated in a reaction mixture (100 ml) containing 50 mM sodium cacodylate buffer (pH 6.5), 250 mM sucrose and 0.2 mM [U- 14 C]G6P (50 mCi/mmol). The reaction was stopped at the appropriate time by filtering immediately through a nitrocellulose membrane (BA85, Schleicher & Schuell, Keene, NH, USA). As an enzymatically active G6Pase-a is located in the microsomes, the [U-
14 C]G6P taken up by the microsomes is hydrolyzed to [U-
14 C]glucose. Thus, the radioactive molecules accumulated inside the microsomes include both [U- 14 C]G6P and [U-
14 C]glucose. Microsomes permeabilized with 0.2% deoxycholate, to abolish G6P uptake, were used as negative controls.
Hematological and phenotype analyses
Blood samples were collected from the tail vein using ethylenediaminetetraacetic acid-containing CAPIJECT tubes (TerumoMedical Co., Elkton, MD, USA) for the differential leukocyte counts. Manual 200-cell leukocyte differential counts of peripheral blood cells were performed on Hema 3-(Fisher Scientific, Pittsburgh, PA, USA) stained smears. Bone marrow cells from femoral and tibia bones were harvested by flushing with 3 ml of Iscove's modified Dulbecco's medium containing 2% fetal bovine serum.
Serum glucose, total cholesterol and uric acid were analyzed using kits obtained from Thermo Electron (Louisville, CO, USA). Triglycerides were measured with a kit from Sigma Diagnostics (St Louis, MO, USA) and lactate measured by a kit from Trinity Biotech (St Louis, MO, USA). G-CSF was quantified using Quantikine ELISA kits (R&D Systems Inc., Minneapolis, MN, USA).
For H&E staining, tissues were preserved in 10% neutral buffered formalin, embedded in paraffin and sectioned at 4-6 mm thickness.
Hematopoietic progenitor cell assays
Progenitor cells were assayed in semisolid agar cultures by plating 2 Â 10 4 bone marrow or 10 5 spleen cells in 1 ml of methylcellulose media (MethoCult M3231, Stem Cell Technologies, Vancouver, Canada) supplemented with the indicated cytokines. The number of colonies larger than 50 cells was counted on days 7-9. Recombinant murine cytokines (R&D Systems) used were: G-CSF (10 ng/ml), GM-CSF (10 ng/ml) or M-CSF (2.5 ng/ml).
Statistical analysis
Statistical analysis using the unpaired t-test was performed with The GraphPad Prism Program (GraphPad Software, San Diego, CA, USA). Values were considered statistically significant at Po0.05.
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